As a kind of antibacterial and antifungal preservative, benzoic acid is widely used in foods and feeds. Recently, many studies showed that it could improve the growth and health, which should, at least partially, be derived from the promotion of gut functions, including digestion, absorption, and barrier. Based on the similarity of gut physiology between human and pigs, many relative studies in which piglets and porcine intestinal epithelial cells were used as the models have been done. And the results showed that using appropriate benzoic acid levels might improve gut functions via regulating enzyme activity, redox status, immunity, and microbiota, but excess administration would lead to the damage of gut health through redox status. However, the further mechanisms that some intestinal physiological functions might be regulated are not well understood. The present review will, in detail, summarize the effect of benzoic acid on gut functions.
Introduction
The gut is a highly proliferative and secretary organ, which plays important functions in the growth and health of the whole body [1] . On the one hand, the intestine is a main organ of nutrient digestion and absorption. On the other hand, it also has the barrier function. This will protect the whole body against pathogens and toxins as the first defense. The gut barrier function is composed of nonspecific barrier mechanisms (including mucosal-epithelial regenerating capacity, intercellular junctions between the epithelial cells, and the mucus gel layer), specific immunological responses, and microbiota [2] [3] [4] [5] [6] [7] [8] . Therefore, the gut is important for health of humans and animals, which is associated with nutrient supply and defense from harmful factors.
Because of hypoplasia digestive tract in young children and animals, the production of gastric acid is not enough for the digestion of nutrients (especially protein). This will be not beneficial of growth. And the utilization of acidifiers, including inorganic acidifier, organic acidifier, and complex acidifier, can decrease the pH value in foods and feeds [9] . This can not only increase the nutrient digestibility but also inhibit the harmful microorganisms (such as E. coli) in diets and digestive tract [10] . Therefore, the acidifiers have already been considered as a kind of gut health products in humans and animals.
As a kind of organic acidifier, benzoic acid (C 7 H 6 O 2 , BA) is the colorless crystalline solid, which is the simplest aromatic carboxylic acid [11] . It is mainly absorbed and transported in small intestines via the monocarboxylic acid transporter 1 [12] . And the absorption rate for the jejunum is higher than those for the duodenum and ileum, which is consistent with the distribution of monocarboxylic acid transporter 1 [12] . After orally administered [
14 C]BA in man and 20 other species of animal, Bridges et al. (1970) found that, in human, BA would be entirely metabolized to hippuric acid and then be excreted through urine [13] .
BA can inhibit pathogenic microorganisms, which makes it a preservative in food and feed industry [14, 15] . It may also increase growth and health and inhibit the diarrhea induced by E. coli challenge [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . This can be due to the fact that BA improves the gut functions. Many studies (including the 2 BioMed Research International researches in our lab) about the physiological functions of BA mainly involve pigs and porcine cells. However, there is the resemblance between humans and pigs (including gut function and immunity) [27] . Pigs are usually considered as a research model for humans. In addition, intestinal porcine epithelial cell-1 (IPEC-1) is an appropriate model for being directly comparable to the trial animal that is used as an in vivo model for humans [28] . Therefore, BA has potential to be used as an additive of improving health in foods.
Benzoic Acid and Digestion and Absorption in Gut
Dietary BA supplementation can increase the digestibility of nutrients. In recent studies, dietary 0.5% BA supplementation increased the digestibility of total nitrogen, energy, and amino acids in weaned and growing pigs [17, [29] [30] [31] , and we also found that 0.5% BA administration in diets could increase dry matter, crude protein, ether extract, energy, crush ash, and Ca and P digestibility in weaned piglets (about 1.39-22.38%) and growing pigs (about 2.66-10.38%) [22, 25] . In addition, in lactating sows, the digestibility of organic matter, protein, fat, and fibre is also enhanced by 5.05%, 3.44%, 7.04%, and 34.02% by dietary 2% BA supplementation, respectively [32] . Moreover, Papadomichelakis et al. (2011) showed that the digestibility of organic matter, dry matter, crude protein, energy, and cellulose was increased by dietary 0.5% and 2% BA administration in weaned rabbits [19] . Besides improvement of nutrient digestibility, supplementing BA in diets may decrease the ammonia nitrogen (N) of distal intestinal digesta and faeces. Halas et al. (2010) and Galassi et al. (2011) found that the ammonia-N levels of faeces were reduced 20.17-25.57% by dietary BA supplementation in weaned piglets and finishing pigs [33, 34] . Our recent study in which piglets were utilized as the trial subject also found that BA administration in diets could decrease the ammonia-N concentration (about 49.10-57.32%) in the cecal digesta [23] .
These results illustrated that BA improves the utilization of nutrients. And it is possible that BA's function should be due to the effect of BA on production and activation of digestive enzymes, and absorption of nutrients in the intestine (Figure 1 ).
. . e Effect of BA on Digestive Enzymes. BA administration can promote the production and activation of digestive enzymes. On the one hand, BA increases the digestive enzyme production. Our recent study in which piglets were utilized as the model indicated that the trypsin, lipase, and amylopsin concentrations in the pancreas were increased 74.02%, 67.05%, and 90.44% by BA administration, respectively [35] . On the other hand, BA can activate the digestive enzymes via decreasing the pH value in the proximal gastrointestinal tract. The pH value is important to maintain or increase the activity of enzymes in the gut. In our studies in which pigs were utilized as the trial subject, compared with the control, BA (0.2-0.5%) administration in different-type diets could significantly decrease the pH value of digesta in stomachs (pH 4.14-4.38 vs pH 3.39-3.79) and jejunums (pH 6.15-6.45 vs pH 5.69-6.18) [20, 21, 25, 36] . And the trypsin, lipase, amylase, maltase, sucrose, and lactase activities of digesta were enhanced about 30.02-141.34% by BA treatment in jejunum of piglets, and this effect would be decreased with age [22, 25] .
However, Dierick et al. (2004) reported that supplementing 1.0% benzoic acid in the barley-wheat type diet did not significantly affect the pH value in stomach and jejunum of pigs [37] . Therefore, it is possible that the effect of BA on pH value and enzymes' activities in the proximal gastrointestinal tract is associated with dietary type and BA doses.
. . e Effect of BA on Nutrient Absorption. As the above description, the increasing nutrient digestibility is associated with the improvement of digestive ability. Moreover, the enhancement of nutrient digestibility can also be relative to the absorption capacity. The capacity of absorption mainly depends on the absorbing regions of intestinal mucosa. Thus, the enhancement of surface area in mucosa is beneficial to the substances' transfer from lumen to vascular system [38] . The surface area is mainly associated with gut mucosal structure, such as villi and crypts [38] . Halas et al. (2010) reported that dietary BA supplementation could increase mucosal villus height of ileum in weaned piglets [31] . Our recent studies also showed that BA administration in different-type diets might enhance the villus height and/or decrease the mucosal crypt depth in duodenum, jejunum, and/or ileum of piglets [23, 35, 36] . These results indirectly demonstrate that BA treatment can improve the absorption capacity of the gut.
In addition, it is well known that pH value plays an important role in the mineral absorption. Some studies have shown that BA treatment significantly increases the digestibility of minerals [22, 25, 30] , which could be due to the fact that BA administration decreases the pH value of digesta in the gastrointestinal tract.
Therefore, BA has the ability to promote nutrient digestion and absorption in gut, which will lead to the increasing nutrient digestibility in diets. However, some studies also showed that supplementing BA in diets did not promote the nutrient digestibility [16, 34, 39] . Based on the difference among these results, we analyzed and compared the trial design of these researches. And we found that BA improving nutrient digestibility could be influenced by some factors, such as age, dietary type and composition, and environment.
Benzoic Acid and Gut Barrier Functions
BA administration in diets can decrease the serum levels of diamine oxidase and D-lactic acid and alleviate the diarrhea induced by E. coli challenge [26, 36] , which is possible that BA can increase the barrier functions of intestine. And many studies also further found that BA treatment could indeed improve gut barrier function, including nonspecific barrier mechanisms, specific immunological responses, and microbiota (Figure 2) .
. . e Effect of BA on Nonspecific Barrier Mechanisms in
Gut. The mucosal-epithelial integrity is a part of nonspecific The effect of benzoic acid on nutrient digestibility. Benzoic acid treatment can increase nutrient digestibility in humans and animals via improving nutrient digestion and absorption. This is associated with the improvement of mucosal structure, pH value of digesta, and production and activity of digestive enzymes in intestines. barrier mechanisms, which is usually evaluated through morphology analysis [2] . As mentioned above, compared with control, dietary BA supplementation can increase the relative weight (intestinal weight: intestinal length) of small intestine (0.067 vs 0.077), and BA treatment also improves the morphology of the proximal gastrointestinal tract [31] , which is similar to our results [23, 35, 36] . The gut can produce many hormones, which will ensure that the gut epithelium has the high ability of regeneration and restitution [40] . The further in vivo and in vitro experiments in our lab showed that BA treatment could stimulate the expressions of IGF-1 and GLP-2, which regulated some signaling pathways (i.e., mTOR), in small intestine of piglets and IPEC-1 cells [25, 35, 36] . And our in vivo and in vitro experiments also found that BA treatment improved the redox status in small intestine of piglets and IPEC-1 cells via Nrf2 signaling pathway [35] . These should be the possible reasons that BA improves gut-epithelial integrity.
The intercellular junctions between the epithelial cells also play a critical role for maintaining the gut barrier functions [2] . And the intercellular junctions between the gut epithelial cells are formed mainly via some transmembrane and nonmembrane proteins, including ZO-1 and occludin [41] . The study in which pigs were utilized as the model showed that dietary BA supplementation could stimulate the expressions of ZO-1 and occludin in the jejunal mucosa [36] .
These results suggest that BA administration can improve nonspecific barrier mechanisms in the gut. However, it is unknown whether BA treatment can affect the mucus gel layer, as a part of nonspecific barrier mechanisms, in the intestinal mucosa, which needs further researches.
. . e Effect of BA on Specific Immunological Responses in
Gut. There is little study about the effect of BA on gut specific immunological responses. Only a study in which piglets were utilized as the trial subject found that supplementing BA in diets tended to increase the sIgA concentration of duodenum but did not affect that of jejunum and ileum [35] . Except this finding, it is totally unknown whether BA is able to influence cellular immunity and innate immunity (such as host defense peptides) in intestines.
. . e Effect of BA on Microbiota in Gut. Recently, the critical role of gut microbiota in health, especially gut health, has been gradually recognized [5, 6, 42, 43] . It has been considered as a part of intestinal barrier functions. Torrallardona et al. (2007) and Halas et al. (2010) reported that supplementing BA in diets could increase the diversity of intestinal microbiota in piglets [18, 31] . And 0.5% BA administration can increase population of effective microorganisms (e.g., Lactobacillus, Bifidobacterium) and/or decrease population of harmful microorganisms (e.g., E. coli) in the intestine, especially distal intestine [16, 17, 31] . Our recent studies in which piglets were utilized as the model have similar results [21, 23, 24, 36] . However, dietary 0.85% and 1% BA supplementation also decreased the population of Lactobacillus while it reduced the population of E. coli in the intestinal digesta of pigs [16, 44] , and supplementing 0.25-0.75% BA in diets did not affect the gastrointestinal microbiota in broilers [45] . These findings demonstrate that appropriate BA treatment may improve the gut microbiota, and the effect of BA on microbiota is associated with the species of trial subject.
Excess of Benzoic Acid Administration Impairs the Gut Health
Excessive intake of BA will induce acute or chronic toxicity symptoms, which seriously impairs the health and growth of humans and animals [46] [47] [48] [49] . Our recent studies in which piglets were utilized as the model have also shown that excess of dietary BA supplementation leads to the dysfunction and damage of liver, spleen, and lung and may impair the mucosal morphology of duodenum, jejunum, and ileum [50, 51] . In an in vitro experiment, excess of BA treatment inhibited the proliferation of IPEC-1 cells, which could be related to the impairment of redox status regulated by Nrf2 pathway [35] .
Conclusion and Future Perspectives
In summary, benzoic acid administration can improve gut functions, including digestion, absorption, and barrier, which is an important reason that benzoic acid can improve the growth and health in the studies that used the animals as models. This is due to the fact that it can regulate enzyme activity, redox status, immunity, and microbiota. Via analysis of results in these studies, we can further ensure that benzoic acid may be used as a kind of gut health products in humans and animals. And it has potential to be used as an additive of improving health in foods, especially to some patients in convalescence. The supplementing dose of BA should be 0.2-0.5% in feeds. However, as gut health products in humans, the using dose of benzoic acid in foods also needs to be further determined. In addition, for further comprehension and utilization, some further researches should be focused on the effect of benzoic acid on gut functions, especially the relative mechanisms.
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